Introduction
During the last two decades, the development of organic-inorganic hybrid materials has been associated with the evolution of sol-gel process. [1] [2] [3] Furthermore, a wide class of hybrids involves the covalent bonding of the organic and the inorganic components through the use of coupling molecules. Some of us have recently demonstrated the potentialities of phosphonate and phosphinate groups in the coupling of organic components to metal oxides. [4] [5] [6] [7] [8] Actually, this coupling is quite stable and difficult to hydrolyze.
Meanwhile the apparition of the first micellar templated materials prepared by sol-gel route has introduced a new type of extremely interesting materials due to their highly organized structure [9] [10] . Usually, they present a narrow mesopore size distribution easily tunable between 2 and 30 nm, mesoporous cavities of defined geometry (lamellar, spherical or cylindrical) with various degrees of connectivity and a large porous volume (sometimes higher than 1cm 3 .g -1 ) . Their preparation by the recently developed Evaporation Induced Self Assembly (EISA) process allowed their rapid and easy shaping as nanometric powders, monoliths, fibers, and thin films of optical quality and controlled thickness. [11] [12] [13] Due to their very specific porous network, these new materials are thus highly promising candidates for electrochemical investigations, allowing to establish a relationship between the mesostructure and the electron transfer properties within the structure. Cyclic voltammetry and chronoamperometry in turn are choice methods to investigate the specific features of electron transfer in materials. We have already demonstrated that electrochemistry was a suitable tool for the investigations of the nanostructure of materials prepared by sol-gel chemistry [14] [15] [16] [17] and in particular that the fractal dimension of oxide colloids could be determined by electrochemical investigations.
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Ferrocenylphosphonic acid has been shown to be a redox-active pH-responsive molecules for which the variations of the half-wave potential of the acid and their salts results from an electrostatic stabilization and not from the nature of the cations. The electrochemical studies of different metal ferrocenylphosphonates have been reported; particularly the redox half wave potential has been shown to be quite sensitive to the bonding mode to the metal atoms. [19] [20] [21] [22] In this paper we report the anchoring of ferrocenic phosphonic acid onto TiO 2 particles, and we describe the electrochemical behavior of ferrocenylphosphonic acid grafted onto nanocrystalline mesostructured anatase titanium dioxide thin films prepared by EISA process, presenting a specific 2D grid-like pore shape. We show the mode of bonding of the ferrocenylphosphonic acid and how the fine analysis of the electron transfer dynamics is indicative of the anisotropic repartition of the ferrocenyl groups within the film, allowing us to estimate the diffusion coefficient characteristic of the charge transfer with pores. The results shed some light on the efficiency of the charge transfer process between grafted organic components and the mesoporous semiconducting TiO 2 film, which might be important for the improvement of Dye Sensitized Solar Cells (D.S.S.C.) efficiency.
Experimental section

Synthesis
Ferrocenylphosphonic acid was prepared according to the literature procedure. 19 Anchoring of FcPO 3 H 2 on TiO 2 particles was performed as reported in the liierature. 5 1.42g of TiO 2 particles (P25 Degussa) with an average particle size of 21 nm and a specific surface area of 45±5 m 2 g -1 were added to 144 mg (0.54 mmol) of ferrocenylphosphonic acid in 50 ml of methanol. The suspension was stirred at room temperature for 24 h and the powder was filtered off and washed successively three fold with 30 ml methanol, and two fold with 30 ml acetone and 30 ml diethyl ether, and dried 12 h under vacuum at room temerature.
The mesoporous TiO 2 films were prepared as previously reported in the literature. The functionalizations were performed by soaking the nano-crystallized mesoporous films with water during the analysis were calculated with BEMA from a mix of the dry mesoporous film and the film completely saturated with water. All the details of experimental setup and data treatments have been previously described.
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Electrochemistry
Cyclic voltammetry of modified TiO 2 particles was performed on the powder by means of a Radiometer Analytical PGZ 100 potentiostat in a three-electrode cell. A platinum cavity microelectrode provided by the "réseau micro électrode à cavité" of CNRS (France), was used as working electrode, a platinum wire as auxiliary electrode, and a saturated calomel as reference electrode. The electrolyte was KCl (1M in water) and the scan rate was 100 mV
The electrochemical response of the functionalized mesoporous TiO 2 films was analyzed using slow and fast scan rate cyclic voltammetry and fast chronoamperometry using an efficient ohmic drop compensation equipped with a home-built potentiostat. 28 The medium used for analysis was acetonitrile (SDS, Spectroscopic Grade), with TBAP (Fluka, puriss. 19, 21, 22 This suggests that one P-OH group of the ferrocenylphosphonic acid is not bonded to the surface and remains free. The results show that ferrocenylphosphonic acid is strongly bonded to the titanium oxide particles by two oxygen titanium bonds.
Structural analysis of TiO 2 nanocrystallized electrode
Careful studies of the calcination process of mesostructured electrode have shown that Upon crystallization at 500 °C, this latter structure is turned into a grid-like structure of bidirectional mesoporous parallel network standing perpendicular to the substrate surface percolating from the TiO 2 air interface to TiO 2 -FTO electrode (Fig. 1B and C, TiO 2 -anatase). 25 The thermal treatment was pushed up to 550°C in order to enlarge connectivities between mesopores.
After impregnation of the calcined film with ferrocenylphosphonic acid, the volumetric analysis of the electrode was performed via spectroscopic ellipsometry. TiO 2 impregnated films were perfectly fitted between 400 nm and 1100 nm with a cauchy single layer model, strongly suggesting that the organic probe was homogeneously dispersed within the porous network. Finally, the measurement of the static water contact angle informs about the wettability of the surface. The measurements have been performed with water drops of 2.5 μL on several samples and the average value was determined. TiO 2 surfaces are hydrophilic allowing the expansion of the water drop and, thus, give low contact angles of 27º. On the contrary, the anchoring of the phosphonic acid on the titania left the hydrophobic terminal ferrocene groups on the surface promoting a contact angle value of 50º after dipping in the ferrocenylphosphonic acid solution and washing. The increase of the contact angle corroborates the presence of hydrophobic molecules onto the surface.
The water adsorption-desorption isotherm obtained by EEP is given in the figure 2. From measurements performed in dry air, we determined the TiO 2 film thickness at 221 nm and the total porous volume of the film is 0.40 cm 3 .cm -3 . As the RH increased, the porous film exhibited a slow uptake of water and a sudden steep adsorption at 70% of RH, characteristic of surfactant templated mesoporous films with a narrow pore size distribution. [26] [27] [29] [30] [31] [32] Upon desorption, a large hysteresis characteristic of pores restrictions appears. The parameters of the porous network, that is, pore large diameter, small diameter and size of restrictions were calculated from the isotherm at 7.6 nm, 2.9 nm and 1.4 nm respectively. From these analyses, one can deduce that the TiO 2 used for electrochemical analysis exhibits a porous network characteristic of the grid-like structure previously reported and made of anisotropic mesoporous cavities connected with each other by four microporous windows, as schemed in the figure 3.
Electrochemistry
The response in cyclic voltammetry of the ferrocene moieties included in the mesoporous titanium dioxide film is represented in Fig.4 at various scan rates. The signal exhibits very well behaved peaks, with a tailing characteristic of a diffusion-limited current.
The redox potential of the electroactive moieties is + 270 mV vs. AgCl|Ag. Taking into account a ΔE 1/2 of 50 mV between AgCl and SCE (calomel), this value is the same than the one found for the modified titanium dioxide particles. and the same mode of anchoring of the phosphonic acid with one P-OH group of the ferrocenylphosphonic acid not bonded to the surface can be proposed. The low increase in the hydrophobicity of the surface after grafting could be explained by the presence of these remaining hydrophilic groups.
Nevertheless, a very interesting feature is the evolution of the peak currents with the scan rate in log-log scale ( fig. 5a ). First of all, a linear relationship (slope of α = 0.65 ±0.02) is obtained on nearly 4 orders of magnitude of scan rate, showing that there is no transition in the mass transfer regime on the explored timescale. In the case of electron hopping between redox sites homogeneously distributed in an isotropic medium, a proportionality of the peak current with the square root of scan rate is expected, since hopping can be assimilated to a diffusion process, as shown by Laviron 33 and Andrieux. 34 This is not the case here, since electron diffusion cannot be assumed to be isotropic, but rather restricted within the "channels" of the mesoporous structure. Further investigation to fully understand this really unusual behavior is currently under progress but requires modelization of the diffusion process in geometry like the one schemed in figure 3 .
On the other hand, since it is sometimes uneasy to analyze cyclic voltammograms accurately in terms of rate constants, we turned to chronoamperometry measurements. This technique has the advantage to eliminate the difficulties linked to slow electron exchange rate constants at the electrode (provided that the potential step is chosen far enough from the peak potential). As a consequence, it also enables to have insights into the electron pseudo- In such conditions, the transition between the diffusion limited (at short timescale) and the thin layer (at long timescale) regimes can be estimated to occur for the following scan rate:
where λ is the thickness of the material layer deposited on the electrode (λ = 221 nm).
Equation (2) 
